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ABSTRACT 


An Analysis of the Response of Cylindrical Ducts to Internal, 
Zero Mean Flow, Air-Carried Acoustic Excitation 


William Theodore Ellison 


Submitted to the Department of Naval Architecture and 
Marine Engineering on May 18, 1968 in partial fulfillment 
of the requirements for the Master of Science Degree in 
Mechenical Engineering and the Professional Degree, Naval 


Engineer. 


Significant structural respcnse of a cylindrical 
duct to an internal pure tone sound field resulting from 
an external pure tone source, located aporoximately on 
the duct centerline, will arise only when coincidence 
occurs between the natural modes of propagation of 
acoustic waves within the duct and the natural modes or 
structural vibration of the duct itself, 


"he coupling mechanism giving rise to such ecdincidence 
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oc tion trom the dict centerline. This result vaien 

arose from a theoreticel analysis based on a solution for 
the velocity potential within a semi-infinite cylinder in 
the presence of a non-axial incident plane wave and an 
equivalent modal resonator model of the cylinder undergoing 
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pattern was borne out by the experimental recults. 
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INTRODUCTION 


e 


The subject of this thesis lies within the realm of 
the interacticn of structures and sound. The various 
aporoacns to sound and structure interaction problems 
in general fall into one of two categories. 

The first which is a relatively new engineering science 
is one based on the theory of randomness in whicn classical 
solutions are often bypassed wnen meaningful statistical 
results can be obtained through other approachs. This is 
a particularly useful analytical tool whenever the structur- 
al vibration of interest and/or rune, Sound Tichdwot intent 
exnibit random qualties which allow a statistical analysis 
Gi tne problem: 

The second approach and the one within which the subject 
of this thesis rightfully belongs, is a direct enalysis 
of a finely structured problem. In the case of this thesis 
the problem can be stated in general terms as follows; 
the response of a cylindricsl duct to an internal pure tone 
sauna field, whore the sound field 1s the resulv of en 
incident vuretoric plane weve emanzting Iron 2 Source ۳ 
Enoim location. The problem wien ststed in such à manner 
1s deceptivesy simple counains, for in actuality the con- 
plete analytical description of the sound field wivhin 
a cylindrical duct undergoing asymmetrical vibrations has 
not been solved in the literature to date. The majority of 
tue papers on Lhe Sup) eeu Cl 00000 کب‎ 617 17۳ 
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vibracion exists. In those papers that take duct vibration 
into account the assumption is invariably made that the 
vibration is entirely axially symmetric; a condition 

which when examined in light of the light of the forces 

and frequency range involved and other vibration forms 
possible would be very difficult to bring about. Axially 
Symmetric vibrations of a cylindrical structure involve 
almost pure stretching energy and are the modes of vibration 
which they are most likely to resist. It must be noted that 
this assumption takes on more validity if the structure 

in question may be termed a membrane ( radius to thickness 
ratios greater than 50). 

A form of vibration, however, for which cylindrical 
structures are uniquely suited is that involving the lobar 
modes. These are the modes of vibration in which the radial 
dispacement varies in the circumferential direction in 
a cos(nS) pattern (n greater than or equal to two). This 
result first given by Rayleigh (8), is obtainable from a 
theory based on inextension of the middle surrece of the 
een vr). Thernext degrer of conhistication Lo 
Rayleigh's theory of inextensional vibration is one which 
allows for the presence of axially periodic displacements 
as well as circumferential ones. 

Thus the first purpose of this ihesis vas to show 
Pa ni sienidicant vibrationiof a ecylinarical ques conta 
E UIL from am internal Souno ول‎ then thet VIGIL OR 


must of necessity be an Asymmourtrc one involving ine ores- 
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ence of lobar modes and possibly axial modes as well. The 
second objective of this thesis was to endeavor to describe 
the coupling mechanism between this sound field and the 
cylinder vibration. To accomplish these ends both a 
theoretical analysis and an experimental analysis were 
undertaken, 

The result of these two analyses show that the form 
of vibration resulting from an internal sound field was 
one made up of lobar modes, and that a covpling mechanism 
based on coincidence of the cylinder structural modes of 
vibration anã the acoustic modes present in the internal 
Sound field does exist and within limits will predict the 
form of vibration if any that will result from a given 


sound field. 
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PROCEDURE 

The problem that is posed in this thesis may be 
subdivided into a number of distinct components, each 
a dilineated problem within itself and with essence of 
the final results of the thesis lying within the frame- 
work of the interfacial solution matrix of the component 
parts. The component parts are: 

A theoretical analysis of sound propagating‏ و1 
within a semi-infinite rigid duct, where the sound field‏ 
is the result of an external pure tone plane wave source‏ 
offset by a small angle from the duct centerline. Tnis‏ 
is a classical analytical problem in the area of potential‏ 
mneory. The desired result of this enalysis 18 a description‏ 
OL the sound field within a cylindrical quer at a given‏ 
frequency. The result is desired only in terns of frequency,‏ 
source location, and the relative strengths of tne differ-‏ 
ent modes.‏ 

2. A theoretical analysis of the natural modes of 
Qu Domes e Eylinaricel 0066 6ر‎ ۱۱/6 ١ ٢ 
is a topic WILA a well--osiablisned exveriventead iy ۷5 10۴ 
theory. One of these 
on different end conditions was used 11 this Dart ol 
the analysis. The desired result of this component of 
the vroblem was the modal form of vibration of a cylinaer 


at a given frequency. 
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a pure tone sound field emanating from a loudspeaxer locat- 
ed a distance of aporoximately 3 ft. from an open end of 
Ene cylinder and slishvly ( PELO 39 ) offset trom the 
centerline of the duct axial centerline. The desired 
result of this component was a frequency versus signif-- 
icant vibration level display for different source 
locations. 

4. Assumptions are the component part which Lie 
together the previous three components. The validity 
of the final results lies solely within the validity 
of the assumptions. Basically assumptions played the 
following roles. 

In the'theoretical sound analysis/experimental 
analysis! interface they took the form of adanting The 
experimental model to fit the requirements of the 
assumptions of the theoretical analysis. 

Ene neo re tical analysis O ey lindes VIDIO 
experimental analysis' interface they played the opposite 
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theoretical analysis the assumptions took the form of 


superposition rather then sdanvion. Thus the superposition 


of the two sepuritely conceived theories defined a 
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is.the interfacing mechanism between the combined theoret- 
ical results and the ensuing experimental results. This 
interface is examined only in the lignt of the assumed 
variables. 

6. Conclusions and Reconmendations make vp the 
component part which decides the exact nature of the 
interfacial solutions, their relative strengths and 
weaknesses and finally of deciding an results are 
basic to the problem as a whole, i.e. has the basic 
purpose oí the thesis been accomplished. This is done 


in light of both assumptions and the assumed variables. 
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THEORETICAL ANALYSIS 
iL. Theory of Sound Propagation in Cylindrical Ducts 

A considerable amount of literature has been devoted 
to the general vrobicm of the propagation of sound in 
ducts. The general form for the solution of the wave 
equation utilizing votentiol theory as it is presented 
En the following analysis can be found in Morse (1). 

The general solution for the velocity potential 
within à semi-infinite cylindrical duct of zero wall 
thickness, when that potential is the result of an 
incident pure tone plane wave emanating from a non-axial 
source, is given by Noble (2). Noble structures the 
problem for solution by a standard Welner-Hopí technique. 
In the following analysis it will he shown that 2 more 
direct solution is possible if the external field is 
negiected and the incident wave is assumed to act as 
a massless asymmetric piston st the source end of the 
eylıa)rien] Quot. 


A. Solution of the Wave Jquation 
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where 4 is the Laplacian operator in cylindrical 
coordinates, È Tone TIME COOLIO Cs 


Ha the velocity of sound in the acoustic medium. 
..> 
Now assume that Pia) may be represented by the 
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Manite Fourier transiorm, 
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He E | 
vnere (E, un) is the frequency transform of the 
1 
velocity potential. Similarly let Cb (Eus) do 
.سل‎ 
given by the inverse transforn, 
co 
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Then it can be shown thal application of Ja.(2) to 
Eg.(1) vill vield the result, 
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for waves propagating in the positive 
is given by the sum of ail modes of oscillation, 
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Now the application of Eq.(8) to Eq.(6) will yield, 
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B. Determination of A, pa end Doa : 


Assume that within ihe region specified by, 
moe 9 ات‎ 


there exists a pure tone plane wave source such that 
uu 


the axis of incidence of the plane wave on the the 


point, 


GN E 
is specified by iwo quantities ee and De ; 
see Figure II. Further let d. و‎ represent the frequency 
wans orm of the unit velocity potential of this incident 
wave in the region, -00$8 ZS O e Now if it is assumed 
that (p must vanish in the region, 
۳ 
0 > ۲ € مه‎ 
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then it can be shown that on the surface specified by, 
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Figure II 
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and the result integrated over ihe plane, Z ۔‎ ۳ 
is seen that a non-zero result is obtained only for the 
surface area specified by, 
1 
ڈ٣‎ 
Thus the following relation is obtained, 
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Now using the notation oí Figure II and assuming that 
©, =O , with no loss in generality, then the unit incident 


velocity potential is given by, 
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over Var( ) will yield a convergent infinite 

x e Le al > لگ‎ S 
serles in powers oi [5 . The result of this 
integration for the four principle modes of interest 
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Now within the region, 
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the sound pressure ea is related’ to vie wo oc) dy 


potential in the following way, 
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Or 
and Similarly it follows that the frequency transform 
of the pressure within this region is given by, 
کے‎ 5 Ce => ۱ 
P (E, w) = we 382 
and it therefore follows that, 
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Il. Mco OL aora bamos Voltou Cyrinders 

A considerable amount of literature exists on the 
theory of vibration of hollow cylinders, particularly 
in the area of calculation techniques for determining tne 
natural modes of vibretion. Greenspon (3) has compiled 
a synopis of the vast majority of these theories and has 
compared them on the basis of thelr variance from the 
exact theory and in their ability to predict experimental 
results accurately. It was found that for the auct dimensions 
and range of frequencies considered in the experimental 
portion of this paper that a large number of theories 
gave excellent results. The theory that was chosen was 
That of Arnold and Warburton (4), primarily on the basis 
that it lent itself to a comouterized solution, 
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Rayleigh (8), utilizing Timoshenko's (7) strain relations 


incremental 
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and neglecting the trapezoidal shape of th 
surfaces perpendicular to the cylinder axis. This analysis 
allows for the presence of axial nodes as well as circum- 
ferential nodes, whereas Rayleigh's theory does not. It 
is of note however that their theory gives the same 
resonant frequencies as Rayleigh's for the case of no 
axial nodes. 

RE di tic presented ۹ ۰٘ CNEL Arnold ma 
Warburton Solved the above problem where the ends of 
the cylinder in question were freely supported. The 
end conditions of the cylinder which was the basis for 
the experimental portion of this thesis were not freely 
Supported but rather approximated the condition of a 
free end and an indeterminate end condition, Using the 
coordinate system of Figure II Arnold and Warourton assumed 


that the radial displacement was of the following form, 


۲ 3 E ^3 P Mu : 
14 (© E OSO ہا‎ 8 
| a (33) 
where 7٦ is the numnver of quarter wavelenstns in the 


axial vibration pattern and N is the number of full 
wavelenghths in the circumferential wave pattern. Thus 


it can be seen that this shape function satisfies tne 


92 


1-4 A 2 1 ہے‎ = a ar ee se o. 2 1 "s EET S I “a ` r 
conto Ol Circe Ly 2: ۶۶۱۶۷ 


j^ 





i 
nO 
N 

i 


however, the cylinder which was used in the experimental 
portion of this problem was not sunported in this manner, 
rather the end nearest the sound source was a free end 
and the other approximated another free end, that end 
being imbedded in sand of a large grain size variety to 
a depth of several inches. An avproximation therefore 
had to be made to adapt the Arnold and Warburton frequency 
equation to the cylinder of this vroblem. The aoproximation 
was arrived at in the following manner. 

If it is assumed that the general form of the 
radial displacement in the axial vattern is given by, 
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Now a shape function which yields the same resultant 
frequency equation as the Arnold and Warburton theory 
and which also approximates Eq.(37) for m large is 


given by, 
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It is seen that for large û that this is closely approx- 
imated by Eq.(37) with, 
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It is easier to visualize this apnroxination when 
it is realized that for a large number of nodes 4 
" free-free " vibration is equivalent to one described 


by Eq.(58) with m an odd integer, but with the suvvorts 
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thougn the effective length has been reduced by 2 quarter 


of a wave length, 
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so also has the effective number of wave lengths been re- 


duced by the same factor, 
iio ae 
m + m 
A computerized solution of the Arnold and Warburton 


frequency equation is given in Appendix [5 , where 


A in the output is represented by the letter 
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B. The Hquivalent Resonator for a Structural Mode 

Smith and Lyon (5) outline a method by which a 
structural system vibrating in a single resonant mode may 
be modeled by an equivalent resonator wlth an equivalent 
mass, damping constant, and svring constant. 

Consider a cylinder of mean radivs, @ , length, L , 
and density, Co . Then using the coordinate system 
of Figure II with Sone) ; and the mode shape 


defined in Eq.(38) then the instantaneous displacement 


in the radial direction may be given by, 
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the shape function over the volume of the cylinder be 


equal to the mass of the cylinder, e.g., 
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then 1t folloys tnat, 
C ۱ 
ft can be seen that the kinetic energy, B y ASSOC- 


lated with a given mode of vibration can be represented 


by; 
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In the same sense a modal spring constant may be defined 


to be, 
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ITI. The Counling Parameter 

In the preceding section an equivalent modal resona- 
tor was defined by a set of parameters tnat describe 
the vibration of the structure of interest at any given 
mrequency, Cua . 


NE 


such that the instantaneous power supplied to the resona- 


Next define an equivalent modal inen ds 
tor is identical with the modal component of total power 
delivered to the structure (5). In the present analysis 
where the power delivered to the structure is that due 
to the internal sound field in the cylinder then the 


identity of instantaneous powers is given by, 


f, Verne) PR Vinal Saz) As 


w? 


(47) 


where the integral implies the the integral over the 
interior surface of the cylindrical duct. Assuming that 
the pressure ۳ can xoressed as the superpo- 


sition of two varts, 
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then the first, re EON + às thai pressure which would 
exist in the cylinder in the absence of structural 

motion, i.e., a pressure of the type given by Eo.(29). 
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the sound field Iis valia 21 11 is assumed that tho coupling 
of other non-resonant modes will not occur. This is vartic- 
ularly true for the vibration of structures in air, the 
case being examined here, as the density of the structure 
undergoing vibration is usually many times greater than 

po denso le otis assumed that Jeca 
valid assumption then it follows that the modal force 


may be decoupled in a similar fashion to yield, 
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Now knowing that the sound field of interest is pure tone 


it can be stated that, 
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Pao may be defined to express the ratio between the 
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blocked force and the incident sound pressure on the in- 


terior o! tne-cyviingder, cenech thai, 
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Further it can be shown tnat significant values of 
corresponding to efficient couvling of the sound field 


and the cylinder vibration are achieved only nen, 
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iV Incorerical Conclusions 
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Eq.(54), the coupling parameter, when combined 
with a solution to tne natural modes of vibration of 
a cylinder is the basic result oí the theoretical portion 
of this thesis. This result is shown graphically in 
Va 
Ercure LIZ. The ordinate variable, A ss 


a dimensionless frequency parameter defined by, 





mn (56) 


( f is the frequency in KC) 

where Ó is Poisson's ratio and C is Young's 

modulus. The abcissa variable is the axial wave lengtn 
aC LOT, ; defined by Eq.( 39). The solid lines 
represent solutions to the Arnold and Warburton frequency 
equation for the cylinder that was the subject of the 
experimental analysis of this thesis in that they 
represent the loci of of modes oí vibration hºving cquel 
Donber ot cireunierential nodes, The dotted lines 
represent the requirement of Ea.(55) which may be 


combined with Ec.(11) to yield the relation, 
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occur only when the (p,1) dotted lines interseet the 
corresponding p= n solid lines. This occurence is 
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EXPERIMENTAL ANALYSIS 

The purpose oí the experimental analysis was to 
show exverimentally that an internal sound field could 
excite structural resonances in a cylindrical duct and 
that those modes excited would be lobar tyve modes. 

The form of the exverimentel model which vas 
created to accomplish this purpose depended to a great 
extent on the assumptions made in the theoretical 
nalyses. The first section of the experimental analysis 
thererore deals solely with these assumptions and their 
effect upon the experimental model. 
ie Discussion of Theoretical Assumptions 

The following discussion centers only on the 
four major assumptions of the theory which had to 
be mes in order for any valid comparison to be made 
between the theoretical and experimental results. 

A. "Sound field restricted to interior of the 

١ 1 و‎ 2 

Figure IV shows & scale plan of the exporimenval 
model. The spcsker was surroundea completely by tro 
layers of three inch fiberglass blanketing on Lhe verti- 
cal sides and three layers on the top end bottom. The 
whole was held together by thin wooden studding aiong the 
outside edges to insure that no significant solid bound- 
aries were presented to the sound field with the exception 
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the ceiling. The cylinder mouth was exposed to the sound 
field by cutting a hole of the exact size of the cylinaer 
outside diameter in She bottom of the speaker enclosure 
and then arranging “he two so that the end of the cylin- 
der was flush with tne inner layer of insulation and 
snugly fitted by it sS shown in Figure IV. It was found 
however that the svund dampening characteristics of the 
insulation were not of an efficient nature for fiequencies 
below 1900 Hz. Below this frequency there existed & sig- 
nificant external sound field. A cylinder vibration mode 
corresponding to the lowest natural lobar mode of the 
cylinder was excited at a frequency of 720 Hz; however 

it was discovered that significant changes in the accel- 
eration levels being recorded could be achieved simply by 


2 


the movement of persons or objects in close vroximity to 
the cylinder. This same phenomena was not present at 
frequencies nbove 1900 Hz. 
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Co "Pure tone plane-wave source... 

The input to the driver element of the sveaker vas 
an amplification of the output of a pure tone oscillator. 
The driver element to duct mouth distance used in the 


dE 3 


experimental data to be presented was approximately 


a. 


three feet corresponding to a value of, (see Figure V) 
Ke ۶ ۷۱ 

thus satisfying the requirement of Ke >> necessary 
for the assumption of a plane wave source. 

Der eouree, Olisel trom cenverline of duct oy a 

small angle..., and e = WATER 

Due to the physical characteristics of the model 
the offsetting of the source location from the duct 
axial centerline was accomplished in a reverse manner 
by inclining the cylinder to a given angle and then 
readjusting the whole such thai the center of the top 
of tne duct was directly beneath the the source. ieasure- 


ments of tne inclined angle were acconnlished with 2 
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plumb bob device. The angular offsets used were 2° and 
3° ias resul tinstin o valvelror C of aporoxi- 
Pavel 0.9 «(Dec Figure Viisthus 17 
requirement of is < | e 
E, "Cylinder end conditions of 'Free - Indeterminate! 
1 ۱ ۵ Der و‎ MOEA 
The upper end of the duct was truly a free end in 
that it was in no way supported by the insulating enclos.- 


ure. The bottom cid wos imbedded in sand to 5 depth of 
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Figure V 
Variation of Re 
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Figure VI 
Variation of (> with Speaker Locntion and Frequency 
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several inches. The sand could vrobebly be better termed 
small grained gravel in that it supplied sufficient 
holding force to supoort small offset angles wnen the 
cylinder was inclined but could not have been of much 
support when trying to oppose high frequency oscillations 
pm ne Order OU microinches, Thus the end condivion zer 
this end must be termed indeterminate, 

A table of the properties of the cylinder used in 


the experiment is given in Table I. 
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Cvlinder Properties 


Property Symbol Quantity 
Length L 60 in. 

Mean Radius a 5 

Wall Thickness t (es in. 
Density 0.285 Ibs/in? 
Young's Modulus E 29.6108 lbs/in* 
Poisson's Ratio O. 290 

Inside Radius 8 2,0525 wine 


Commercial Type: 6" ASA SCHEDULE 40/ STD BLACK/ASTM 53 
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II. Experimental Procedure 

Figure VII shows a schematic revresentation of the 
instrumentation of the experimental model. For the 
data presented in this paver the following instrument 
checks were first accomplished with a vacuum tube 
voltmeter. 

Ll, The output of the oscillator was adjusted to 
a set level, measurement taken at voint (2). 

2. The combined output of tne oscillator and 
amplifier was then adjusted to a set level, metu NE 
point (5% 
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4. The voltmeter was then attached so as to 


measure the output of the accelerometer preamplifier 


eri 


pe of unity) which was also an input to the oscillo- 
scope, mcasurement at point (4). 

The actual measurements of acceleration levels 
was then accomplished in the following manner. The 
accelerometer which used ° magnet mount for ovt 
toe tae Cylinder wall des Bico) on ات ا‎ ace (OT MEE 
eylinder. The frequency mes vic? weile wuwul obo ac 19 
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Acceleration readings were then tsben in millivolts 
(rms) at one inch intervals in the axial direction and 
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Figure VII 


Schematic oí Experiment Instrumentation 
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corresponding to sixteen eoually spaced circumferential 
Stations, see Figure VIII. This was eo ec by a 
grid network of tape 1aid out on the surface of the 
cylinder and marked at the proper intervals. The 
sensitivity of the eccelerometer used was a constant 

51 mv/g up to 4000 Hz. Above 4000 Hz. the magnet mounting 
device caused the sensitivity to become inaccurate and 

as a result the experiment was limited to a hign freq- 


uency limit of 4000 Hz. Freguencies were determined by 





the oscilloscope display. 





Figure VIII 
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0۳0۵8 Analysis of Data 

As previously stated rms acceleration levels were 
measured with an accelerometer slong a tape grid which 
remained fixed throughout the series of experiments 
which resulted in the following data. Six different modes 
of significant acceleration levels were observed. These 
six modes are given -in Table II in terms of the assumed 
experimental variables. 

Tables III throvgh VIII of Appendix A are tne tabu- 


lation of the original rms ecceleretion levels recorded 


im millivolts (mv). The information presented at the top 
of each of those tables was arrived at after two steps 
of data reduction. These two steps are explained in 


detail in tne following section. 


A. Data Heduction Steps (1) and (2) 
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Table IT 


_ Observed Modes 














Frequency Source Location | 
۳ E 9. 7 9 

Hz JE. 
1950 3° 8,5 
2700 2 3.5 
2300 3° 8.5 
| 3070 pu 3,5 
3100 3° 8.5 
5850 2º 3.5 
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At first glance it is obvious tnat there 15: qe per- 


iodic pattern to the data in Tables TII - VIII. Iv is 
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an easy though tedious exercise to arrange this de 
in alternating positive and negative value groups. If 
this data so arranged is then transferred to a plot 

of amplitude versus position the basic cosine pattern 


is readily apparent. Define the following quantities, 


À ax : Maximum acceleration (rms) in the total vibra- 

i tion palver un. 

ee: : Maximum acceleration (rms) recorded at an axial 
statione 

A, ' Acceleration (rms) recorded st an axial stations 

es : Maximum acceleration (rms) recorded at 2 circum 
térential station. 

Ao : Acceleration (rms) recorded at a circumferential 


station. 
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Due to nhysical obstructions it was not possible 
to take axial measurements over the entire lengtn of the 
cylinder. Thus WM and as a result A , were assumed 
to be given by the following relation, 
Mo = bob in 
average node severation (in) 
The value of N was easily determined for each mode as 
it must of necesslty be the number of nodes in the circun- 


ferential pattern, 
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Figure IX 


Legend for Figures X through XV. 
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Step (2) Determination of A : 
The Hirst calculation necessary for this step in 
the data reduction vas to determine the maximum value 


of rms acceleration (mv) for each mode. If ii is 


assumad that the vibration pattern is given by, 


=, ME 02.07 (00. 
À (8,0) = A, cos n(e- e) cos (P7 + FT) 


then the axial measurements taken at ( O — OO: must 


be of the form, 
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end similarily the circumferential measurements takon 
at Lo must be of the form, 
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Now if neither of theso couditions has occurred تا وش‎ 
manner in which to proceed is 2s follows. Make an enlarged 
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) node from the intersection point 


of the two measuring loci. In a similar fashion define two 
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ANALYSIS 7 

The first point upon which an analysis should be 
made is to.what degree did the experimental analysis 
results prove or disvrove the two fundamental purposes 
of the thesis, in lignt oí the assuned variables frequency 
and source location. The two basic purposes of the thesis 
were to snow that if significant vibretion levels could 
be excited in a cylindrical duct by the presence of an 
internal sound field that these vibrations must be of 
the lobar type, and that if these vibration modes exist 
then there exists a coupling mechanism which will predict 
their occurrence, 
I. Existence of Tobar Modes 
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The experimental analysis showed that for the frequen- 


cy range examined that the only modes present with signi 
de mi sels oil vipbration yere in act lobar modes 2 


axially varying vibration patterns. 
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the proper information from ine reduccd cat» vortion ci 
Tables ITI through VIII on Pigure 111 of tho theoretical 
conclusions, This hes been done and the points are 
indicated by a A . In each case the points are 
removed from the predicted value only by the variance 
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deserves special attention and will be discussed fully 


in she Conclusions. 
3 


The second comparison 15 t 
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pucr lopovion also as s iunction ol the Source locations 


The theory predicts that the circumferential vibratio 


pattern must be of the form, 
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of the normalized amplitude versus circuntferential station 
Spacing for the two moqes observeds ab 2300 Hz, Tne points 
are data” points and the curves are not fairines through 
these points bit the actual cosine variation predicted 
by the theory. They are faired in each case only to their 
amplitude. The amplitudes of both patterns have been 
normalized by 1 > ee 

The other modes heve been compared in a like manner 
and a result of this comparison is presented in Tables X 


through XV of Appendix A. 
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The second conparison that can be made in terms of 
the validity of the coupling parameter is what effect 
the variation of source location hed on the amplitude 
of vibration, This can be attacked in tne following 
way. In order to make any type of comparison utilizing 
the magnitude of the coupling parameter some assumptions 
must first be made concerning tne modal impedance of 
the cylinder undergoing vibration. The subject of 
the variation in modal impedance with mode SE frequency 
and form of excitation is a lengthy subject end cannot be 
be gone into at great detail in this thesis if for no 
other reason than it was an item over which no control 
was maintained and no means were available for determining 
its effect wpon the levels of vibration observed. This 


is primarily due to the real part of the radiation 


resistence a factor strongly coupled with the = a tern 
of Eg.(48) which was completely neglected in the theory 


portion oi the thesis. However ii Goes not soch too 
presunpivous to assume that 
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Now if it assumed that for all ihe modes except the 


one observed at 1950 Hz, that the requirement, 
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hes been met then Eq.(54) becomes, 
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manner. Eq.(11) was utilized to determine the mode 
wavenumber for this mode. It is ات‎ tnat the 
result oí Eg.(11) is imaginary and therefore 1t is 
a damped mode. It can then be shown that the following 
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As stated before the most valid comparison 
based on these parameters will be the comparisons 
of modes at the same frequency and mode shape. 
Thus examining the two modes at 2500 Hz. first it 
can be seen that tuo comparisons might be made. 

1) Using the experimental values of 27 


solve for the relationship, 
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This same comparison may be also made for the two 
virtually identical modes observed at 3070 and 3100 Hz. 
1) Solving for the velocity ratio; 
Predicted : 6 mu Ds) 
Actual : ALl Ds 00628) 
2) checking Me A for constancy 
d 23° +: 1.345 = (17.85*1077/1.525*1077) 
y 29 5 : 798 = ( 5.01*10”°/0.628*10”?) 
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CONCLUSIONS 
The analysis of results hes shown that the two basic 
purposes Of thas thesis were accomplished, Lovar type 
structural vibration modes were excited in the cylindricel 
duct by a pure tone sound fiela and the theoretically 
derived coupling mechanism within limits predicted the 
frequency at wnich these modes would appear, the form 


1 


they would take, the location of noGes and en 


d. a 


vinodes. 
and to a degree even predicted tneir relative amplitudes 
Ol ۰ 

The prediction capability oí the coupling mechanism 
however was weak in the area of predicting the axial 
Vibration pattern that would be present at a resonant 
response frequency. The two obvious answers vo this 
vroblen are at once evident. 

(1) The experimentally observed structural modes 
were in actunlity non-resonant modes. 
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of the observed vibration patterns fit the theoretically 
assumed shane very nicely, but this does not imply that 
such an assumed shape should also give the same frequency 
result. A solution to the natural modes of vibration 
of a "Free-Free" cylinder with all end conditions 
properly satisfied would undoubtedly have a better fit 
Lo the data of this thesis than ihe solution used. 

As was stated in the analysis of results little can 
be said about the capability of the coupling mechanism 
to predict relative strengths of vibration due to the 
unknown properties or the modal impedance. However 
the comparisons that were mede in that section of the 
analysis were far betver than would be cxvected consid- 
ering the margin of slack that must exist to some degree 
in both the mechanism and the observed data and the 
powers that many of these quantities were raised to 
in order to make comparisons. Conclusions, other than 
vibration level increases with increase in source offse 
angle should not be based on tihe present data. However 
Piece De Móvea cnet vbls woes noc an inlctig desta 
result of the thesis. 

Perheps the most interesting result of the exoerimentel 
analysis ٦ the single non-predictod node observed at 
1950 Hz. This mode would seem to be a resonant cylinder 
mode ii 1% is Sseumea that the modes at 2500 He were 
resonant modes; Also 1% 3600 00۳61606077۰ Lo 
berm Lia nonsprecieted mão for the tncory-docs 76 
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tnescutori frequency of interest; Another poseibalivy 
for explanation presents itself if the mode observed at 
3070 Hz is closely analyzed. For the purvose of analysis 
this mode was assumed to be identical with the 3100 Hz 
mode but in actuality its axial vibration pattern varied 
slightly from tnis sister mode and this is why in the 
data tables it is attributed with a value of m=16.5, 
a not too plausible value but the one that vest fits 
HG nevertheless. Thus it 1S possible that this is in 
actuality the same type of mode as that observed at 
1950 Hz. It must be noted that the 1950 Hz mode 
best fit the m=11 vibration pattern which is the 
next level below the m=13 pattern of the 2300 Hz modes, 
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itself, and does not seem too unreasonable, is that the 
cutolí frequency is not necessarily a constant value 

bob ravier might be of & fluctuating or finite + 70 
character, allowing close frequencies of vibration on 
eitner side of 1% to sway il irom its peth so To snesk, 
This vhenomens is definitely an item tliat deservos fupiner 


Study, both theoretically and experimcntobly. 








RECOMMENDATIONS 

The logical first recommendation would be to cont- 
inue tne experimental analysis over a wider range of 
frequencies and with cylinders of varying dimensions 
and mechanic2l proverties. This should be done in 
conjunction with a better solution to the natural 
frequencies of cylinder vibration, the best aporosach 
probably being to adapt the experimental model to 
a specific theory. 

A second recommendation which should offer interesting 
results would be to excite the cylinder with noise rather 
than pure tone sound. 

A third. recommendation already stated in ihe con- 
elusions would be to investigate the cause and occurrence 


of modes of the type observed at 1950 Hz. 
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